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The studies on doped ZnO thick films deposited over large surface area are still a very promising area of research and development.
We report characteristic properties of thick film of Zn
0.97
Cu
0.03
Oprepared by the economic screen printing technique.The filmwas
characterized by XRD, SEM, diffused reflectance, FTIR, and dark resistivity measurement techniques. The XRD and SEM studies
revealed polycrystalline, single phase, porous, and granular surface morphology of this Cu doped ZnO thick films.The direct band
gap energy of this filmdetermined by diffuse reflectance technique is 3.18 eV. IR transmission spectrummeasured in 4000–600 cm−1
region at ambient temperature confirmed the incorporation of Cu2+ ions in ZnO lattice. The DC resistivity measurements reveal
semiconducting nature of the sample with activation energy of 0.66 eV.
1. Introduction
ZnO is one of the most important extensively studied II–
VI semiconducting metal oxide. Thousands of papers are
appearing in different journals on this material every year.
It has a wide direct band gap of around 3.2–3.37 eV at room
temperature which can be tuned in the range 3.0 to 4.0 eV by
doping with different metals such as Cd and Mg [1, 2]. ZnO
generally exhibits n-type conductivity. It has large exciton
binding energy of 60meV, higher optical gain (320 cm−1)
at ambient temperature, and Bohr radius 𝑟
𝐵
∼ 1.8 nm
which helps in stabilizing excitons both chemically and ther-
mally [3, 4]. Moreover, it is cost effective and environment
friendly as compared to other metal oxides. Due to these
unique properties, it has been widely used in optoelectronic
applications such as solar cells, flat panel displays, and light
emitting diodes (LEDs) [5].The thick films of ZnOare used in
many applications in the field of optoelectronics, gas sensing,
antibacterial and cancer treatment, and so forth [6, 7].
For highly efficient optoelectronic device applications, it
is desirable to reduce or tune the band gap in a broad range
together with precise control of conductivity possessed by the
film. The band gap energy of ZnO can be varied by doping
it appropriately with metal [8]. Recent investigations on
group-IB elements, for example, Cu, Ag, and Au doped ZnO
revealed the formation of p-type ZnOwith reduced band gap
[9, 10]. Among these, Cu is the best choice because the size
mismatch between Cu and Zn is the smallest which leads
to the lowest formation energy. In addition, electrons can be
easily injected from Cu layer to ZnO since there is no barrier
to the flowof electrons betweenCu andZnO [11].Thus, incor-
poration of Cu and variation in its concentration plays key
role in changing the physical properties of ZnO thick films.
These doped films have important industrial and domestic
applications for detecting hazardous gases including LPG
[12, 13].
In the present work, Zn
0.97
Cu
0.03
O thick film was pre-
pared by using simple and economic screen printing process
[14] and their physical properties were characterized by XRD,
SEM, UV-spectroscopy, FT-IR, and dark resistivity analytical
techniques.
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Figure 1: XRD diffraction pattern of screen printed Zn
0.97
Cu
0.03
O
thick film.
2. Materials and Measurements
Thick film paste was prepared by thoroughly mixing AR
grade (99.999% purity) ZnO and CuOwith anhydrous ZnCl
2
as an adhesive agent, followed by grinding in a mortar and
ethylene glycol as a binder. The prepared paste was screen
printed on cleaned glass substrates. The glass plates were
cleaned with acetone and deionised water for 20 minutes
and then dried in hot air over at 60∘C for 10 minutes. The
as deposited Cu doped ZnO films were heated at 130∘C on
hot plate for 1 hr for the partial reduction of the solvent and
porosity of films [15]. The films were further annealed in a
muffle furnace in air at 550∘C for ten minutes [16] for proper
adherence and stability and for the decomposition of organic
materials. The thickness of the film was determined after
sintering by weighing method and it was found to be of the
order of 14 𝜇m.
X-ray diffraction pattern was recorded on advanced
Rigaku diffractrometer in the 2𝜃 range of 10∘–70∘ using
Cu-K𝛼 X-ray radiation source. The surface morphological
information was derived by using scanning electron micro-
scope (SEM, Leo-440, UK) for recording micrographs. FTIR
transmission spectrum was recorded by SHIMAZU-8400S,
Japan spectrophotometer, in 4000–400 cm−1 range at 4 cm−1
resolution. The optical diffused reflectance spectrum was
measured onHitachi makeUV-VIS spectrometer-3900 in the
300–800 nm range. DC resistivity measurement was done by
using standard four-probe technique.
3. Results and Discussion
3.1. Structural Analysis. To confirm the formation and crystal
structure of Cu doped ZnO thick film was examined using
powder X-ray diffraction (XRD) technique. The diffraction
pattern as well as FWHM curve of (101) plane as inset is
shown in Figure 1 and the different parameters calculated are
listed in Table 1.
Table 1: XRD parameters: 𝑑-values (reported and observed), hkl
plane, and lattice parameters (𝑎, 𝑐) of the Zn0.97Cu0.03O thick film.
hkl
plane
𝑑-Value (A˚) Cell parameters (A˚)
Wurtzite structure
(hexagonal phase) 𝑎 𝑐
Reported Observed
100 2.81 2.771
002 2.61 2.581
101 2.44 2.4279 3.18 5.21
102 1.89 1.876
110 1.63 1.609
103 1.46 1.453
The peak values match well with Wurtzite structure as
per (JCPDS) card number 36-1451 [17]. The inset of Figure 1
shows FWHM for the most intense (101) peak to calculate the
crystallite size by using Debye-Scherer’s formula [18]:
𝐷 =
0.9𝜆
𝛽Cos 𝜃
, (1)
where 𝐷 is the crystallite size (in nm), 𝜆 is the X-ray
wavelength, 𝛽 is the width (radians) at half the maximum
peak intensity, and 𝜃 is the Bragg angle.The estimated value of
crystal size comes out to be 30 nmwhich is in good agreement
with earlier result [19].
3.2. SEM Analysis. Figure 2 shows the SEM micrographs of
Zn
0.97
Cu
0.03
Oas deposited thick filmunder (a) 40000 and (b)
50000 magnification.The SEM images reveal polycrystalline,
porous, and interconnected grains surface morphology. The
small crystallites agglomerate and form spindle, dumb bell,
and cuboidal shaped particles along with fused clusters on
the surface of this film. As Cu2+ ions are electrical conductor
which help in increasing the mobility of atoms at the surface
of film, they may provide novel platform for the use of these
films in photovoltaic, sensor, and other device applications.
3.3. FTIR Analysis. Infrared (IR) spectroscopic studies pro-
vide useful information about the structure of the compound.
IR peak positions as well as their intensities are influenced
by the particle size, surface morphology and agglomeration
of particles [20]. IR transmittance spectrum of Zn
0.97
Cu
0.03
O
thick film was recorded in the range of 4000–600 cm−1 as
presented in Figure 3.
The broad IR transmittance peak observed at 3356 cm−1 is
the stretching vibration of hydrogen bonded H
2
O and poly-
meric O-H in Cu-Zn-O lattice [21]. The appearance of this
peak shows the adsorption of water in the film from atmo-
spheric moisture and hygroscopic nature of ZnCl
2
precursor.
The methylene group (𝜐 CH
2
) antisymmetric and symmetric
stretching modes are observed at 2916 and 2896 cm−1 in this
film spectrum. The absorption peak observed at 2258 cm−1
shows the existence of the CO
2
on the metallic cations
[22]. We have also observed transmission peaks around
1624, 1384, and 1154 cm−1 pertaining to HOH bending/C=O
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Figure 2: SEM images of screen printed Zn
0.97
Cu
0.03
O thick film.
4000 3500 3000 2500 2000 1500 1000
965
13841624T
ra
ns
m
itt
an
ce
 (A
.U
.)
3356
2617
2258
2023
847
652
1154
3728
2916
ZnCuO
Wavenumber (cm−1)
Figure 3: IR transmittance spectrum of screen printed Zn
0.97
Cu
0.03
O thick film in 4000–600 cm−1 region.
stretching mode, C-OH plane bending, and C-OH out-of-
plane bending, respectively [23].Themedium intensity bands
at 965, 847, and 652 cm−1 are assigned to Cu-O-Zn, Cu-O,
and Zn-O stretching modes, respectively. The shift in peak
positions to higher wavenumber as compared to pure Cu-O
and Zn-O is attributed to the change in crystalline field effect
induced by substitution of Cu2+ at Zn2+ site. IR transmittance
peak at 1624 cm−1 appears due to bending mode of H
2
O.
3.4. Optical Analysis. Figure 4 shows the UV-visible diffused
reflection spectrum of Zn
0.97
Cu
0.03
O thick film from which
the band gap energy has been calculated by using Kubelka-
Munk function [24] which is proportional to 𝛼 as in (2).
Almost all the II–VI compounds are direct band gap semi-
conductor. The relation between absorption coefficient (𝛼)
and incident photon energy (ℎ]) can be written as [25]
𝛼ℎ] = 𝐴(ℎ] − 𝐸
𝑔
)
1/2
, (2)
where 𝐴 is constant and 𝐸
𝑔
is the direct band gap.
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Figure 4: UV-VIS spectrum of screen printed Zn
0.97
Cu
0.03
O thick
film.
The optical band gap of the film is obtained by extrapola-
tion of the linear portion of the graph between the modified
Kubelka-Munk function [𝐹(𝑅)ℎ]]2 and photon energy (ℎ]),
given by
𝐹 (𝑅) =
(1 − 𝑅)
2
2𝑅
, (3)
where 𝑅 is the magnitude of the reflectance as function of
energy.The direct band gap comes out to be 3.18 eV according
to [26] and is shown in Figure 5. This equation is usually
applicable for the materials which have high light scattering
and absorbing particles in their matrix. Therefore, diffused
reflectance is effective for determining the band gap of the
solar cell absorbers.
3.5. Electrical Conductivity. Electrical conductivity measure-
ment is very important parameter for understanding the
nature and type of material for using them electronic device
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Figure 5: Direct band gap energy of screen printed Zn
0.97
Cu
0.03
O
thick film.
development. Oxides used for thick films are broadly clas-
sified into two groups: metallic, where the resistivity obeys
a power-law depending on temperature 𝜌 ∝ 𝑇𝑛, where
𝑛 > 0, and semiconducting where resistivity usually follows
the exponential law 𝜌 ∝ exp(−𝐸/𝐾𝑇). The DC electrical
conductivity measurements have been carried out in the
temperature range 300–400K. The electrical resistivity (𝜌)
has been calculated by using [27]
𝜌 =
𝜋𝑡
ln 2
(
𝑉
𝐼
) , (4)
where 𝜌 is the resistivity (Ω-cm), 𝑡 is the sample thickness
(cm), 𝑉 is the applied voltage, and 𝐼 is the source current
(A). The temperature dependency of the DC resistivity can
be shown by the well-known Arrhenius equation, given by
𝜌 = 𝜌
0
exp(− Δ𝐸
𝐾𝑇
) , (5)
where 𝜌
0
is the preexponential factor, Δ𝐸 is the activation
energy, 𝐾 is the Boltzmann constant, and 𝑇 is the temper-
ature (in Kelvin). The variation of electrical resistivity with
temperature for Zn
0.97
Cu
0.03
O is shown in Figure 6 indicating
the semiconducting nature of the sample because resistiv-
ity decreases with increase in operating temperature, thus
indicating the negative temperature coefficient of resistance.
This must be due to the oxygen deficiency of material in it.
When we plot the variation between log 𝜌 and 103/T, we get
activation energy from the slope of the graph that comes out
to be 0.66 eV which is in good agreement with the earlier
result [15, 28].
4. Conclusion
It has been concluded that screen printing is a versatile
technique for preparing alloys of Zn
0.97
Cu
0.03
O thick film.
The structural, optical, and electrical studies indicate that
such types of thick films are suitable for photovoltaic device
and other electronic applications. XRD and SEM studies
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Figure 6: Curve between log 𝜌 and 1000/T of screen printed Zn
0.97
Cu
0.03
O thick film.
revealed that Zn
0.97
Cu
0.03
O films have polycrystalline nature
with hexagonal structure. FromUV-study direct energy band
gap transition has been confirmed and it comes out to be
3.18 eV. FTIR spectroscopy confirmed the incorporation of
Cu2+ in ZnO lattice. The dark DC resistivity reveals the
semiconducting nature of films and gives activation energy
value 0.66 eV; this shows that the conduction process of
charge carriers is thermally activated.Thus, screen printing is
cost effective and user friendly technique and can be used to
fabricate polycrystalline thick films having good stability and
significant value of activation energy. These films are suitable
for solar cells as well as other sensing devices.
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